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Abstract

Over the past decade, the Cassini-Huygens mission to the Saturn system
has revolutionized our understanding of Titan and its climate. Veiled in
a thick organic haze, Titan’s visible appearance belies an active, seasonal
weather cycle operating in the lower atmosphere. Here we review the
climate of Titan, as gleaned from observations and models. Titan’s cold
surface temperatures (~90 K) allow methane to form clouds and precipi-
tation analogously to Earth’s hydrologic cycle. Because of Titan’s slow ro-
tation and small size, its atmospheric circulation falls into a regime resem-
bling Earth’s tropics, with weak horizontal temperature gradients. A general
overview of how Titan’s atmosphere responds to seasonal forcing is provided
by estimating a number of climate-related timescales. Titan lacks a global
ocean, but methane is cold-trapped at the poles in large seas, and models
indicate that weak baroclinic storms form at the boundary of Titan’s wet
and dry regions. Titan’s saturated troposphere is a substantial reservoir of
methane, supplied by deep convection from the summer poles. A significant
seasonal cycle, first revealed by observations of clouds, causes Titan’s con-
vergence zone to migrate deep into the summer hemispheres, but its con-
nection to polar convection remains undetermined. Models suggest that
downwelling of air at the winter pole communicates upper-level radiative
cooling, reducing the stability of the middle troposphere and priming the
atmosphere for spring and summer storms when sunlight returns to Titan’s
lakes. Despite great gains in our understanding of Titan, many challenges
remain. The greatest mystery is how Titan is able to retain an abundance
of atmospheric methane with only limited surface liquids, while methane is
being irreversibly destroyed by photochemistry. A related mystery is how
Titan is able to hide all the ethane that is produced in this process. Future
studies will need to consider the interactions between Titan’s atmosphere,
surface, and subsurface in order to make further progress in understanding
Titan’s complex climate system.
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Methane:

an endogenic source of
methane must be
present on Titan to
resupply the
atmosphere, or else

the atmosphere and its
methane content are
“geologically young”

Huygens probe:
atmospheric entry
probe built by the
European Space
Agency (ESA) as part
of the joint
NASA-ESA
Cassini-Huygens
mission to the
Saturn system

DISR: Descent
Imager/Spectral
Radiometer aboard the
Huygens probe

1. INTRODUCTION

Upon discovering methane in Titan’s atmosphere, Gerard Kuiper speculated that Titan’s orange
color “is due to the action of the atmosphere on the surface itself, analogous to the oxidation
supposed to be responsible for the orange color of Mars” (Kuiper 1944, p. 383). We now know
that Titan owes its orange hue to the stratospheric haze produced from photolysis of methane
(Yung et al. 1984). Such irreversible destruction of methane, mostly into less volatile ethane,
was thought to necessitate a global ocean of hydrocarbons (Lunine et al. 1983). That turned out
to be wrong as well, as Titan’s surface is mostly dry, with liquids sequestered at high latitudes.
A question that remains unanswered is, where is all the methane coming from? Perhaps Titan
sustains a carbon cycle analogous to Earth’s, or some geochemical process gives rise to great,
sudden releases of methane (Tobie et al. 2006). Whatever the answer, the long-term stability of
Titan’s methane reservoir remains uncertain.

This is just one example of many mysteries of Titan’s climate system. The senior author of
this review (J.L. Mitchell) stumbled into the study of Titan’s climate a decade ago, in no small
part due to the coincidence between the beginning of his doctoral research and the arrival of
the Cassini-Huygens mission at the Saturn system. T0, the first flyby of Titan by Cassini, took
place on July 7, 2004. In the few years prior to the Cassini-Huygens arrival, however, ground-
based telescopes had already discovered active weather on Titan, and the marvel of adaptive optics
allowed determination of its geographical locations. Clouds seemed to be exclusive to the southern
hemisphere, which was experiencing summer at the time. How could there be clouds only in the
summer hemisphere, given that the long radiative cooling time of Titan’s lower atmosphere should
average out the seasons (Flasar etal. 1981)? Brown etal. (2002) suggested that surface heating would
drive convection that could explain polar cloud observations, and that would change seasonally.
Confirmation of this process could be found with a climate model of Titan that included the
following essential ingredients: (#) atmospheric dynamics, (b) radiative transfer, and (¢) methane
thermodynamics (and we describe the mechanism in Section 4.2.2).

In many ways, Titan is the most Earth-like body in the Solar System (other than Earth), but it
also has similarities to Mars and Venus. Like Earth, Titan has a thick atmosphere (>1 bar), a moist
climate with an active weather cycle (involving methane and perhaps ethane), and stable surface
liquids. A strong seasonal cycle dominates Titan’s general circulation, as it does on Mars. And
Titan’s middle atmosphere superrotates (spins faster than the underlying surface) like Venus’s.
But the cautionary tales above suggest that our collective intuition based on other climates should
be critically evaluated. With this in mind, here we aim to summarize the current understanding of
Titan’s climate, primarily through observations, theory, and climate modeling. We begin with the
current observations in Section 2 and proceed to a general discussion of climate theory applied to
Titan in Section 3. We then use observations and climate models to diagnose the flow of energy
in Titan’s climate in Section 4. The role of waves and eddies in Titan’s atmosphere is our focus in
Section 5. We summarize and offer a list of “big questions” that remain to be addressed in Section 6.

2. CLIMATE OBSERVATIONS

We begin our review with a survey of what is currently known about Titan’s climate system from
observations, drawing on data gleaned from ground-based and spaceborne observatories, with
particular emphasis on the trove of measurements from the Cassini-Huygens mission.

2.1. The Global Energy Budget

During the descent of the Huygens probe through Titan’s atmosphere in 2005, the Descent
Imager/Spectral Radiometer (DISR) measured methane absorption coefficients (Tomasko et al.
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2008a) as well as the vertical distribution and optical properties of Titan’s atmospheric haze
(Tomasko et al. 2008¢). In combination with radiative transfer models, these measurements

allowed the accurate calculation of solar radiative heating rates in Titan’s low-latitude atmo- .
CIRS: Composite

. ) ; - o Infrared Spectrometer
absorbed in the atmosphere, and roughly 10% at the surface, in agreement with previous radiative-  3board the Cassini

sphere (Tomasko et al. 2008b), which showed that approximately 80% of incident sunlight is

convective calculations that indicated the existence of greenhouse and antigreenhouse effects on  spacecraft
Titan (McKay et al. 1989, 1991). Such single-column models, which suggest Titan’s atmosphere

is largely in radiative equilibrium (McKay et al. 1989) and have been used to estimate very low

surface energy fluxes (McKay et al. 1991, Griffith et al. 2008), are applicable in the global mean,

where heating rates balance radiative cooling rates (Tomasko et al. 2008b).

In any localized atmospheric column, however, solar and thermal radiative fluxes and the re-
sulting heating and cooling rates are not generally in equilibrium. For instance, at the season
and latitude of the Huygens landing, the diurnally averaged solar heating rates exceeded thermal
cooling rates everywhere from the surface through the stratosphere, implying that excess heat was
being transported out of those latitudes (Tomasko et al. 2008b). Similarly, nonradiative surface
fluxes (i.e., turbulent sensible and latent heat exchange) driven by the local surface radiative imbal-
ance were probably considerably larger than those calculated from the global average (Williams
etal. 2012).

Indeed, as on Earth, Titan’s climate is driven by differential heating: Lower latitudes constantly
receive more sunlight than higher latitudes. This inequality produces net heating near the equator,
which, in the absence of atmospheric dynamics, would cause the surface temperature gradient
between equator and poles to be approximately 20 K (Hourdin et al. 1995). Surface brightness
temperatures observed by the Composite Infrared Spectrometer (CIRS) (Jennings etal. 2009) and
temperature retrievals from Cassini radio occultations (Schinder etal. 2011, 2012) instead suggest
temperature gradients of 2—4 K between the equator and the poles at the surface and lowest
layers of the troposphere. Comparisons of tropospheric temperature profiles measured during
the Voyager (Lindal et al. 1983) and Cassini-Huygens (Fulchignoni et al. 2005, Schinder et al.
2011) missions also show remarkable constancy, as well as homogeneity at low to mid-latitudes.
These observations point to the fact that, in response to differential heating, Titan’s atmosphere
develops a circulation that acts to transport heat toward the cold polar regions and homogenize
temperatures. Unequivocal evidence of this transport also lies in the top-of-atmosphere radiative
budget (Figure 1). In the absence of transport, Titan’s outgoing longwave radiation (OLR) would
balance the annual-mean top-of-atmosphere insolation profile, which peaks at the equator and
drops by more than 1.5 W m~? toward the poles. In contrast, measurements of Titan’s global
emitted power show only weak variations with latitude of the OLR, ranging between approximately
2.5 Wm™? at the equator and 2.2 W m™2 at both poles (Li et al. 2011).

2.2. Observed Climate Zones

Titan appears to be neatly divided into two zones of starkly different climates: low-latitude deserts
and high-latitude moist climes (Figure 2). At low latitudes, the surface is covered by large swathes
of dark dune fields, the vast majority of which occur equatorward of £30° latitude (Radebaugh
et al. 2008). Most of these dunes are longitudinal, observed to flow around topography, and they
are thought to be composed primarily of solid organics (Lorenz et al. 2006, Radebaugh et al.
2008). Their presence indicates sufficiently dry conditions to allow wind transport of sediments,
as well as a lack of surface liquids that can act as sand traps (Lorenz et al. 2006). In addition to
these surface observations, few tropospheric clouds have been observed over Titan’s equatorial
regions for the duration of the Cassini mission (Rodriguez et al. 2009, Brown et al. 2010, Twurtle
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The annual-mean radiative budget at the top of Titan’s atmosphere. () Outgoing longwave radiation (OLR) estimated from Cassini

measurements (Li et al. 20

11) and annual-mean insolation (S) scaled to be in balance with the OLR. (b) The radiative imbalance at the

top of the atmosphere, S — OLR.

VIMS: Visual and
Infrared Mapping
Spectrometer aboard
the Cassini spacecraft

etal. 2011a). Thus, these low latitudes are generally considered to constitute regions with a desert
climate.

In contrast, surface reservoirs of liquid, first revealed by Cassini Radar, abound in Titan’s polar
regions (Stofan et al. 2007). These include several large seas as well as hundreds of smaller lakes,
which mainly occur at northern high latitudes (Hayes et al. 2008). Measurements of the radar loss
tangent from Ligeia Mare, the second-largest sea, strongly suggest that the liquid composition is
nearly pure methane and ethane (Mastrogiuseppe et al. 2014), implying that these lakes readily
interact with the atmosphere and are closely linked to the regional (and probably global) weather
and climate. Although Titan’s south pole, compared to the north, is relatively devoid of lakes
(Aharonson et al. 2009), many lacustrine features, including the large lake Ontario Lacus, have still
been identified at high southern latitudes (Turtle et al. 2009). Both polar surfaces are also dotted
with features that appear to be empty basins, suggesting geologically recent surface exposures
of liquid (Hayes et al. 2008, Aharonson et al. 2009). Importantly, Cassini instruments, as well as
ground-based telescopes, detected ample cloud activity over the south pole during its summertime
(Brown et al. 2002, 2010; Turtle et al. 2011a), suggesting the presence of high moisture as well as
the possibility of rain (Turtle et al. 2009). In combination, these surface and atmospheric features
imply that Titan’s poles are humid, receive substantial precipitation, and sustain long-lived liquids
on their surface, indicating a moist climate.

Other observations of Titan’s surface and atmosphere somewhat muddle the simple equator-
pole climate dichotomy. First, erosional surface features suggestive of significant liquid flow,
including channels and flood plains, have been identified at many different latitudes, including the
equatorial regions (Elachi et al. 2005, Tomasko et al. 2005, Lopes et al. 2010). It is possible that
at least some of these could be the remnants of a wetter, rainier past climate (Griffith et al. 2008,
Moore et al. 2014). Nevertheless, various observations suggest that the present equatorial surface
is damp, at least regionally: The Huygens probe detected methane upon landing, presumably
from liquid that vaporized as a result of heat from the probe (Niemann et al. 2005); the Visual and
Infrared Mapping Spectrometer (VIMS) observed a long-lived black region on the surface nearby
the landing site, most consistent with surface liquids (Griffith et al. 2012); and, most recently,
nonlinear, supply-limited dune forms were identified and interpreted as arising from interactions
with surface liquids (Ewing et al. 2015). Furthermore, observations of enormous cloud outbursts
at low latitudes around the vernal equinox (Schaller et al. 2009), and associated surface changes
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Figure 2

Cassini Radar and Imaging Science Subsystem observations of Titan’s surface and lower atmosphere, showing (#) Ligeia Mare, one of
the large seas at Titan’s north pole, (b) a large dune field near the equator with dunes flowing around topographic obstacles, and

(¢) tropospheric methane clouds over southern mid-latitudes, the equator, and the north polar regions, shortly after northern vernal
equinox. Images courtesy of NASA/JPL-Caltech/ASI/Cornell/Space Science Institute.

probably due to precipitation (T'urtle et al. 2011b), as well as common summer cloud activity over
southern mid-latitudes (Roe et al. 2005, Griffith et al. 2005), provide even more direct evidence
of moisture affecting all latitudes.

2.3. The Methane Cycle

The first solid evidence of Titan’s active methane cycle came with the detection of tropo-
spheric clouds in 1995 from ground-based observations, which peered through Titan’s obscuring
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ISS: Imaging Science
Subsystem aboard the
Cassini spacecraft

GCMS: Gas
Chromatograph Mass
Spectrometer aboard
the Huygens probe

haze—a phenomenon distinct from cloud formation that is driven by photochemistry in the upper
atmosphere—by using near-infrared spectral windows where the atmosphere is relatively transpar-
ent (Griffith et al. 1998). Follow-up observations indicated frequent but very sparse (<1% global
area) tropospheric cloud cover (Griffith et al. 2000). Adaptive optics then enabled telescopes to
resolve Titan well enough to directly image clouds, and these were found clustered over the south
pole, which was then in summer, making it apparent that seasonality is an important influence on
Titan’s weather (Brown et al. 2002, Roe et al. 2002). When Cassini arrived at the Saturn system,
both Cassini- and ground-based observations detected a preponderance of tropospheric cloud
activity at southern mid-latitudes (Griffith et al. 2005, Porco et al. 2005, Roe et al. 2005), as well
as continued cloudiness over the pole (Schaller et al. 2006a). As the season turned from southern
summer to northern spring, polar clouds dissipated (Schaller et al. 2006b), mid-latitude clouds
persisted (Rodriguez et al. 2009, Brown et al. 2010, Rodriguez et al. 2011, Turtle et al. 2011a),
and large storms were observed over the low latitudes (Schaller et al. 2009, Turtle et al. 2011b),
confirming a seasonal shift. A much more thorough overview of Titan’s observed weather patterns
than is possible in this review is offered by Roe (2012) and Griffith et al. (2014), to which the reader
is referred.

Though many of the clouds observed on Titan have what appear to be cumulus structures
(Porco et al. 2005, Turtle et al. 2011a), only a few cloud heights have been measured. The south
polar cloud observed near solstice was estimated to have an altitude of approximately 16 km (Brown
etal. 2002), whereas southern mid-latitude clouds were measured to range between approximately
15 and 40 km in altitude (Griffith et al. 2005, Addmkovics et al. 2010). Simulations with cloud-
resolving models have suggested cloud tops generally below 30 km, though surface humidities
substantially higher than that observed by Huygens can lead to clouds reaching higher altitudes,
up to approximately 40 km, the altitude of the observed temperature minimum (Hueso & Sinchez-
Lavega 2006, Barth & Rafkin 2010), suggesting that higher humidities are present at the latitudes
observed (Griffith et al. 2014).

Areas of surface darkening, most likely due to precipitation, have been detected by the Imaging
Science Subsystem (ISS) in the wake of two large storms, one at the south pole in summertime
(Turtle et al. 2009) and a much larger one at low latitudes close to equinox (T'urtle et al. 2011b).
In the latter case, the observed darkening, which later reverted to its original appearance, was in-
terpreted as surface wetting presumably followed by infiltration and evaporation of the deposited
liquid. Based on observations of the northern polar lake regions during late winter, Hayes et al.
(2008) suggested surface permeabilities of approximately 10~° to 107 cm? and the possible pres-
ence of a relatively shallow methane table to account for a lack of changes. In contrast, summertime
observations of the retreat of Ontario Lacus, as well as transience of other small lacustrine features
in the south, indicated a significant liquid loss rate of about 1 m yr~! (Hayes et al. 2011). These
estimates were further used to approximate precipitation, at least from one summer storm, of
approximately 10 cm of methane (Turtle etal. 2011c). All of these values are highly uncertain, but
the observations clearly demonstrate the movement of methane between reservoirs that makes up
Titan’s hydrologic cycle (Lunine & Lorenz 2009).

A fundamental driver of the global methane cycle is the humidity of the troposphere. Prior to
Cassini-Huygens, analyses of Voyager data suggested that the troposphere was supersaturated, a
situation incompatible with cloud formation if cloud droplets are in equilibrium with the methane
vapor (Courtin et al. 1995, Samuelson et al. 1997). The measurement of the methane profile at
10°S by the Huygens Gas Chromatograph Mass Spectrometer (GCMS) demonstrated that no such
supersaturation occurred; rather, the relative humidity was found to be 100% from approximately
40 km altitude down to approximately 8 km, with a constant mixing ratio below that indicating
a well-mixed, subsaturated lower troposphere (Niemann et al. 2005). The processes that control

Mitchell o Lora



the observed surface humidity, ~50%, are uncertain. Griffith et al. (2014) suggested two possi-
bilities: that local buffering of surface methane evaporation by ethane controls this value, or that
it is the consequence of a global vapor pressure equilibrium with the northern lakes. Penteado
& Griffith (2010) found that low-level methane was roughly constant with latitude between 32°S
and 18°N, consistent with the latter hypothesis, whereas Anderson et al. (2008) found evidence
of a localized surface source as well as high-latitude, low-level supersaturation. More recently,
Adiamkovics et al. (2016) measured the latitudinal profile of methane between 40°S and 80°N via a
combination of ground-based and Cassini observations and found an approximately uniform mix-
ing ratio throughout the northern hemisphere and an increase toward the southern hemisphere,
suggesting two source regions for moisture, including one in the southern high latitudes (which
were in late fall at the time of the observations).

Estimates of the methane reservoir of Titan suggest that unlike on Earth, where water available
to the climate system mostly resides in the oceans, the vast majority of methane on Titan resides
in the atmosphere (Lorenz et al. 2008). The total atmospheric methane reservoir, if condensed
onto the surface, would be roughly 5 m deep (Tokano et al. 2006), whereas Titan’s lakes likely
contain ~5-10 times less methane (Lorenz et al. 2008, Mastrogiuseppe et al. 2014). The fact that
Titan’s atmosphere is roughly saturated in methane, which is irreversibly destroyed by photolysis
on short timescales (Yung et al. 1984), whereas the observed surface reservoir is vastly insufficient
to replenish it, suggests that an unseen subsurface methane source replenishes the atmosphere,
or that we are observing Titan at a unique time. A promising candidate for the former option
is the presence of a methane (or mixed hydrocarbon) table interacting with subsurface clathrates
(Mousis & Schmitt 2008, Choukroun & Sotin 2012). The interaction of such a table with the
observable climate system is an outstanding question.

3. THEORETICAL CONSIDERATIONS

Scale analysis of the physical processes that govern climate provides a starting point for under-
standing the behavior of Titan’s climate and atmosphere. Table 1 lists several important physical
constants and parameters for Titan that we use in the following sections.

Table 1 Physical constants for scale analysis of Titan’s climate and atmosphere

Parameter symbol Description Approximate value
a Titan’s radius 2,575 km

g Surface gravity 1.35ms™?

Cp Specific heat at constant pressure 10° J kg1 K~
Iy =g/Cpy Dry adiabatic lapse rate 1 K km~!

Ly Latent heat of methane 5x10° Jkg™!
o1 Liquid methane density 450 kgm™?
Apiropo Pressure depth of troposphere 10% hPa

T wropo Tropospheric temperature 80 K

H tropo Height of troposphere 40 km

Apgr, Pressure depth of boundary layer 500 hPa

T, Boundary layer temperature 90 K

Hyy, Height of boundary layer 5 km
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Table 2 Climate timescales ordered by increasing value

Description Equation or reference Value (years)
1ati CpApRL, ~
Boundary layer radiative Trad BL ~ TIR.BL 4p o 7
57 BL

Shallow overturning ~ HeL (g _ ATpL ~10

Tdyn,BL = Trad \Cp HpL
Liquid infiltration Hayes et al. 2008 ~10-20
Annual period 27T Worhie ~29.5
Troposphere radiative Cp Apwopo ~200

T, ~

rad, tropo IR, tropo 4gUTt3mpo
Tropospheric overturnin, ~ . Huopo (g ATwopo ~500
posp § Tdyn,tropo =~ Htropo/w = g \Ch T Hiopo

Methane residence time o Lyx2,250 kg m~? ~900

TCHyres =~ —— g > —
Milankovitch cycles Aharonson et al. 2009 ~10*

3.1. Climate Timescales

A number of timescales related to Titan’s climate can be estimated from the available data, as
summarized in Table 2. The annual period of Titan’s seasons is the simplest and most fundamental
timescale, set to the orbital period of Saturn around the Sun of 29.5 years, and forms the basis
of comparison for all other timescales. First, we consider the radiative relaxation time, which
determines how temperatures respond to the seasonal forcing. The infrared optical depth of the
troposphere is of order Tig yropo ~ 10 (McKay et al. 1991), so that infrared radiation diffuses
through the optically thick troposphere. The time that it takes the troposphere to cool by this
Process is Trad eropo ~ 200 years, quite a long time compared to the seasonal cycle.

As indicated in Table 2, in addition to a dependence on the infrared optical depth TR ropo,
Trad, ropo depends on the pressure depth Apiop, and typical temperature Top, of the troposphere,
which are estimated from the Huygens data (Niemann et al. 2005). The climate system responds
to cyclic driving at the orbital frequency (of Saturn) with a thermal inertia related to 7,,q (Mitchell
2008; Pierrehumbert 2010, chapter 7). Normalizing by the orbital frequency of Saturn, w =
27/(29.5 years) ~ 7 x 107? s71, we obtain a measure of influence of the seasonal cycle; if 07,4 > 1,
seasons are unimportant, whereas if w7, < 1, seasons are strong. With wt,q ~ 1, seasons are
damped in magnitude and lag the forcing by a quarter cycle (Flasar et al. 1981, Mitchell 2008).
Because for Titan’s troposphere wt,,q ~ 40, it was previously assumed the troposphere would not
experience a seasonal cycle (Flasar et al. 1981, Smith et al. 1981).

However, climate models have now demonstrated a strong seasonal cycle can be present in
Titan’s troposphere (e.g., Tokano 2005, Mitchell et al. 2006, Lebonnois et al. 2012, Schneider
etal. 2012, Lora etal. 2015). How can this be? The answer comes from considering how seasons
are communicated to the troposphere: through surface-atmosphere coupling. The surface is sub-
jected to a radiative imbalance as the pattern of insolation shifts with seasons. In the spring, the
surface warms faster than the overlying atmosphere, then communicates this warming to the lower
atmosphere through boundary layer energy fluxes of sensible and/or latent heat. This creates static
instability and drives convection through a depth in the atmosphere dependent on the buoyancy
flux at the surface. Models (Tokano et al. 1999, Mitchell et al. 2006, Charnay & Lebonnois 2012,
Schneider et al. 2012) and Huygens data (Tokano et al. 2006) suggest the dry boundary layer
is only Appr, ~ 500 hPa (~5 km) thick, and this layer has a smaller optical depth tjg g1, ~ 1.
Assuming energy transfer is dominated by sensible heat, the dry boundary layer has a radiative
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relaxation time of 7,451, ~ 7 years and wT.qp ~ 1.5, so we might expect the dry boundary
layer to have a significant seasonal cycle. This is almost certainly the case considering that Titan’s
weak temperature gradients should allow very small changes in local surface temperatures to drive
convection and large-scale overturning (see Section 4.2).

A closely related timescale is the dynamical overturning time of the Hadley circulation. This can
be estimated by assuming a thermodynamic balance between compressional heating and radiative
cooling in the downwelling branch, where other heat sources and sinks are suppressed,

: oT g AT
Traa ~ y—— | = =R — 1
d w(d 8z> w(Cp H) ey

where in the last step, the lapse rate is approximated by estimating the temperature drop, AT,
over a vertical distance H. The overturn time for the entire depth of the troposphere, or the
time it takes a parcel to travel a vertical distance H ,p,, over which the temperature rises ~15 K
(Fulchignoni et al. 2005) while cooling at 7 ~ 2 x 10~ K Titan day~' (Tomasko et al. 2008b),
iS Tgyn,ropo ~ 00 years. Once again, the dry boundary layer has a much shorter overturn time
because it is shallow, has a nearly adiabatic lapse rate AT,/ Hpr, ~ 5.5/6 ~ 0.9 Kkm™! (Tokano
etal. 2006), and cools slightly faster because of warmer near-surface conditions, Tha ~3x107° K
Titan day~! (Tomasko et al. 2008b). Thus, Tdyn,ropo ~ 10 years. The dry boundary layer evidently
responds quite efficiently to seasonal forcing.

To this point, we have ignored the influence of methane in the climate system. However, we
know that the atmosphere contains an enormous amount of methane vapor, which if precipitated
would amount to a global ocean ~5 m deep. A very large reservoir of latent heat is therefore present
in Titan’s methane vapor. Methane mixing ratios in the troposphere are in the range ¢ ~ 10-20 g
kg~! (Niemann et al. 2005), which if entirely condensed could raise the local temperature of the
air by ~L,q/C, ~ 5-10 K. Methane is very clearly an enormous potential source of buoyancy if
conditions favor condensation.

As noted above, the imbalance of radiative energy fluxes at the surface drives sensible and/or la-
tent heat fluxes between the surface and atmosphere. One-dimensional (global-average) radiative-
convective climate models suggest Titan’s atmosphere is very nearly in radiative equilibrium
(McKay et al. 1991). Assuming the entirety of the surface radiative imbalance predicted by these
models, R ~ 0.04 W m~2, goes into evaporating methane, E ~ R/L,, and with a column mass of
methane vapor of ~2,250 kg m~2, the residence time of methane is tcyy, res ~ 900 years. One con-
cludes that deep, precipitating convection should be quite a rare phenomenon (Griffith etal. 2008).
However, convective methane clouds are relatively common (Rodriguez et al. 2009, Brown et al.
2010, Turtle et al. 2011a). The solution to this apparent paradox is intrinsically two-dimensional,
as it involves efficient meridional heat transport in Titan’s troposphere (see Section 4). As shown
in Figure 3, a simulated temperature profile at the location and season of the Huygens descent
compares well with the Huygens Atmospheric Structure Instrument (HASI) measurement and
appears to be slightly unstable compared with the methane moist adiabat if the lifting conden-
sation level (LCL) is around 3 km altitude (however, the LCL is around 5 km because of the
low surface-level relative humidity). The close correspondence between the radiative equilibrium
temperature profile and the moist adiabat suggests buoyancy could be easily generated on Titan,
for instance by increasing the surface-level relative humidity.

Two additional timescales are of importance to the climate system. On short timescales,
methane precipitation may infiltrate into a porous regolith. Using estimates from Huygens probe
measurements, Hayes et al. (2008) suggested this should occur over a timescale of 7,5 ~ 10—
20 years. The correspondence between this timescale and the progression of Titan’s seasons
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Figure 3

The temperature profile in the Titan Atmospheric Model (TAM) at and during the Huygens descent
compared to the Huygens Atmospheric Structure Instrument (HASI) measurement, the dry adiabat, and the
methane moist adiabat starting at 3 km altitude.

suggests there may be interesting dynamics at play between seasonal methane weather, soil mois-
ture, and putative subsurface liquid reservoirs.

Finally, Titan experiences long-term variations in insolation and paleoclimate, akin to Earth’s
well-studied Milankovitch cycles, as a result of changes in Saturn’s orbit. The timescale of vari-
ations of Saturn’s orbital eccentricity, obliquity, and solar longitude of perihelion is Tomic ~
4 x 10* years (Lora et al. 2014). These variations produce changes in the distribution of insolation
reaching Titan, and in particular in the contrast of summer insolation between the two poles,
which varies with periods of ~45,000 and ~270,000 years and has been proposed to dominate
the observed north-south asymmetry of lakes and seas (Aharonson et al. 2009). Over 10°-year
timescales, these insolation differences average out, suggesting that the dominant timescale af-
fecting interhemispheric atmospheric methane transport and the distribution of surface liquids
on Titan is ~10* years (Lora et al. 2014). Varying orbital forcing could also produce changes in
surface winds at low latitudes, under which dunes would reorient on a timescale of ~10° years
(Ewing et al. 2015). Thus, it is possible that various features of Titan’s surface record variations
of the climate on these longest timescales.

3.2. Force Balances

Scale analysis allows a basic understanding of the fundamental force balances in Titan’s atmo-
sphere; these are useful in understanding the class of dynamical flows relevant to the circulation.
Perhaps the most basic force balance of relevance to planetary atmospheres is that between grav-
ity and the pressure gradient force, hydrostatic equilibrium, which largely controls the vertical
structure of the atmosphere and prevents its collapse or loss to space. In the context of dynamics,
hydrostatic balance implies no vertical acceleration of the fluid. For this to be a valid approxi-
mation for atmospheric flows, hydrostasy must be nearly satisfied for dynamical perturbations in
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density and pressure, as well as for the mean state of the atmosphere (Vallis 2006). This is true

when the flow satisfies the condition that
2

U
T <1 @

where U /L is a typical flow advection timescale and N the Brunt-Viiisili frequency. Taking the
former to be ~10~* to 10~° s~! and the latter to be ~5 x 107% 57!, it is clear that this condition
is thoroughly satisfied for Titan, implying vanishingly small vertical accelerations.

Similar scalings can be applied to the large-scale horizontal flows. On Earth, the dominant
force balance is geostrophic, which represents a balance between the Coriolis force and the hori-
zontal pressure gradient. Geostrophic balance occurs when the Rossby number is small. In Titan’s
stratosphere, which supports strongly superrotating winds (Flasar et al. 1981, Hubbard et al. 1993,
Bird et al. 2005, Flasar et al. 2005, Achterberg et al. 2008), the Rossby number is ~10-100, and
thus the circulation is predominantly cyclostrophic (Flasar et al. 1981, Flasar & Achterberg 2009),
wherein the dominant balance is between pressure gradient and centrifugal forces (Holton 1992).
In the troposphere, however, wind speeds are significantly lower, and the balance dynamics are
less obvious. Indeed, in the lowest 10 km or so of the troposphere, wind speeds on the order of
1-10 m s~! would imply Rossby numbers roughly one or two orders of magnitude smaller than
in the stratosphere, suggesting the possibility of geostrophically balanced flows. The transition
between these regimes occurs in the mid-troposphere, where gradient flow involving a three-way
balance of the above forces dominates.

4. THE FLOW OF ENERGY IN TITAN’S CLIMATE SYSTEM

It has been recognized for some time that Earth’s atmospheric and oceanic general circulation
transports heat poleward, such that the tropics are cooler and the extratropics warmer than would
be expected from local radiative-convective equilibrium. What is perhaps less obvious is that the
energy transport is divided into dry and moist fluxes of (static) energy, and that in the tropics
they counteract each other (e.g., Trenberth & Stepaniak 2003). This is a fundamental property
of a Hadley circulation, an axisymmetric, thermally direct overturning circulation confined to
Earth’s tropics (approximately £30° latitude). The latitudinal extent of Hadley circulations can
be understood as the result of poleward angular momentum transport in the upper branch; as
axisymmetric rings of air are advected poleward they converge toward the rotation axis, and if
we ignore all other torques (primarily friction and eddy stresses, i.e., the inviscid limit), zonal
winds must accelerate eastward to conserve angular momentum, thereby producing a subtropical
jet. By thermal wind balance, a latitudinal gradient in atmospheric temperatures must be present
to balance the Coriolis acceleration on the subtropical jet. The Hadley cell builds the required
subtropical temperature gradients by transporting heat out of the deep tropics to the subtropics.
Global conservation of energy then provides an upper limit to how large the inviscid Hadley cell
can grow (Held & Hou 1980). On Earth, the subtropical temperature gradient is baroclinically
unstable, and the instabilities feed back on the mean circulation through concomitant eddy stresses
(Schneider 2006). This alters the predicted width of the Hadley cell, but a closed theory including
eddy stresses remains to be discovered. In either case, a weaker rotation rate allows the Hadley cell
to occupy a larger latitudinal zone because a weaker Coriolis force requires a weaker latitudinal
temperature gradient for thermal wind balance. This simple scaling suggests Titan’s Hadley cell
should be much wider than Earth’s, perhaps creating an all-tropics climate dominated by the
Hadley circulation (Mitchell et al. 2006).

Because the atmosphere is statically stable, the Hadley circulation transports dry static energy
(primarily potential energy) poleward. However, moisture is confined to the lower atmosphere,
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Figure 4

The precipitation distribution (colors) from the wetlands simulation with the Titan Atmospheric Model
compared to tropospheric cloud locations as observed by the Imaging Science Subsystem (ISS), the Visual
and Infrared Mapping Spectrometer (VIMS), and ground-based telescopes. The edges of the wetlands are
shown by dashed lines.

where the Hadley circulation converges air toward the equator, and therefore latent energy fluxes
of moisture are converged to the equator in the Hadley domain. (In the extratropics, baroclinic
eddies transport moisture and dry static energy poleward.) As demonstrated below, Titan’s general
circulation is dominated by a nearly global Hadley circulation that is highly seasonal, and this has
a dramatic effect on the strength of Titan’s methane cycle (Mitchell 2012). In what follows, we
focus on diagnostics of a particular simulation of Titan’s climate with the Titan Atmospheric
Model (TAM) (Lora et al. 2015), with specified zones of surface liquid methane poleward of £60°
latitude and dry surface conditions elsewhere (Lora & Mitchell 2015). This wetlands model, as we
call it, is motivated by (#) the presence of large lakes near Titan’s poles and desert-like conditions
at low latitudes (see Section 2) and (b) the lack of craters poleward of approximately £60° latitude,
implying fast relaxation of surface features by near-surface liquids (Neish & Lorenz 2014). This
is the simplest configuration of surface liquids that still produces a precipitation distribution in
agreement with that of observed clouds (Figure 4).

4.1. Global and Seasonal Considerations

As demonstrated in Section 2.1, the OLR from Titan is considerably flattened in latitude relative
to the annual-mean insolation (Figure 1). In the annual mean, the top-of-atmosphere radiative
imbalance is Rt ~ 0.5 W m™ at the equator, which is an order of magnitude larger than the
surface radiative imbalance in one-dimensional radiative-convective models of Titan (McKay
et al. 1991). Titan general circulation model (GCM) simulations indicate that the majority of
Ry is translated into a surface radiative imbalance, Rs, which is available to drive evaporation
where liquids are present (Mitchell 2012). The relatively large values of Ry are, in fact, a primary
feature missing from radiative-convective climate models that led to a large underestimate of the
strength of Titan’s methane cycle. Titan’s atmosphere efficiently transports heat meridionally on
a global scale, essentially erasing the temperature gradient of the troposphere. The large thermal
inertia of the atmosphere also holds tropospheric temperatures nearly fixed in time. As a result, the
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back-radiation from the atmosphere is lower/higher than it would be in local radiative equilibrium
with the annual-mean insolation at low/high latitudes, and the greatest instantaneous surface
radiative imbalance occurs at the summer poles (Mitchell 2012). The combined effects of nearly
uniform back-radiation from the atmosphere and a significant seasonal cycle of insolation account
for local enhancements in Ry of one to two orders of magnitude over the global-mean, radiative-
convective prediction.

4.1.1. The implied heat transport. The top-of-atmosphere radiative imbalance, R = S—OLR,
in Figure 1 clearly implies significant meridional heat transport in the atmosphere. Following
Trenberth & Stepaniak (2003) and Mitchell (2012) and assuming the surface to be in energy
balance, the zonal-mean, column-integrated [(1/g) f;"[-1dp, here denoted by overbars] thermo-
dynamic equation can be written as

9 _
—(cos @) = R, 3)
acos @ A
where
Ty = 00, + 08 + 0L )

is the meridional flux of moist static energy, MSE = ¢,T + ® + Lg, v is the meridional velocity,
@ is the geopotential, and ¢ is the specific humidity of methane in kg kg~'. Integrating Rt from
the south pole, the energy transport of the atmosphere is

Ty () = 274 cos ¢ Py, %)
¢
= 2ma? Ry cosg'dy’. (6)
—71/2

Figure 54 shows T, from the integration of Ry in Figure 1. We see that Titan’s atmosphere
transports ~7.5 TW of energy poleward in each hemisphere. From Equation 4, the transport can
be accomplished by fluxes of latent energy, Lg, or dry static energy, ¢, T + ®.

Figure 5b shows annual-mean 7T, and the components due to latent heat, 77, and dry
static energy, Tp,, from TAM simulations with surface liquid methane restricted to latitudes
poleward of £60°. Much like in Earth’s tropics (Trenberth & Stepaniak 2003), the majority of
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Figure 5

The estimated atmospheric heat flux from integrating Titan’s top-of-atmosphere radiative imbalance, R, (2) estimated from

observations and (b) derived from the wetlands simulation with the Titan Atmospheric Model.

www.annualreviews.org o The Climate of Titan

365



poleward heat transport is accomplished by dry static energy fluxes, as was also noted by Lora
etal. (2015). Inspection of the time variation in global-mean MSE confirms that the equilibrium
condition stated in Equation 4 holds for seasonal and longer timescales (not shown). The annual-
mean energy transport masks much larger transports that cross the equator and reverse with
seasons (Mitchell 2012, Lora et al. 2015). We emphasize here that methane is transported to the
summer (warmer) pole by the circulation, and cold trapping of methane refers to the relative
reduction in evaporation during wintertime. Furthermore, polar deposition of liquid methane is
not hemispherically symmetric, as latent energy fluxes are cross-equatorial at low and intermediate
latitudes, and thereby transport a small amount of moisture from the southern to the northern
hemisphere (see Section 5 for more on the implications of this hemispheric asymmetry). Poleward
of the wetlands, latent fluxes contribute ~2 TW to the poleward heat transport at high latitudes.

4.1.2. Seasonal amplification of the surface radiative imbalance and methane cycle. Con-
sideration of the arguments in Section 3.1 suggests that Titan’s OLR should have only moderate
seasonality compared to the insolation, and this appears to be the case (Li 2015). If we also consider
the back-radiation from the atmosphere to the surface—the greenhouse effect—to be independent
of time and flat in latitude, as is almost certainly the case, then we conclude that a considerable
seasonal cycle of radiative imbalance must be present at Titan’s surface (Mitchell 2012, Williams
etal. 2012). However, this effect is partly offset by the attenuation of shortwave radiation through
the slant path of Titan’s thick atmosphere at the summer pole (Lora et al. 2011), and the net result
is a radiative imbalance of ~1 W m™? at any given season, as shown in Figure 64. In the high-
latitude region where liquids are present, the TAM simulation responds to radiative heating by
evaporating methane, as shown in Figure 6b. The evaporative cooling of methane is significant,
such that it tends to reduce surface temperature below the atmospheric boundary layer temper-
atures, and this results in a reversal of sensible heat fluxes, as shown in Figure 6¢. An inverted,
stable boundary layer is notoriously difficult to parameterize, because in this situation turbulence
is inhibited by the strong static stability (Mitchell et al. 2009), but the effectiveness of the rectifi-
cation is uncertain. In the present TAM simulation, reversed sensible heat fluxes at summer high
latitudes roughly double the amount of evaporation relative to the radiative imbalance. However,
better modeling of stable boundary layer energy fluxes will become even more important as de-
tailed studies of Titan’s high-latitude meteorology are undertaken, which presents a significant
challenge for these studies.
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Figure 6

Zonal-mean surface energy fluxes in one year of the wetlands simulation with the Titan Atmospheric Model. Positive fluxes are
downward, into the surface. (#) Radiative flux imbalance, Rs. (b) Surface latent energy flux (i.e., evaporative cooling), E. (¢) Sensible heat
flux.
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4.2. Weak Temperature Gradients and Titan’s All-Tropics Climate

Measurements of surface brightness temperatures from CIRS suggest the surface is quite uniform
in temperature, with variations of ~1 K between —60° and +60° latitude (Jennings et al. 2009,
2011). Such weak temperature gradients are hallmarks of Earth’s tropics and are the result of a
weak Coriolis force leading to flattened density, and thus temperature, gradients (e.g., Charney
1963). In the limit of vanishing horizontal temperature gradients, horizontal advection of heat can
be neglected, and the steady-state thermodynamic equation leads to a balance between vertical
advection of heat and diabatic heating from radiation and convection (Pierrehumbert 1995, Sobel
& Bretherton 2000, Williams et al. 2009). On Titan, we expect radiative heating in the troposphere
to be essentially time independent except for in the boundary layer, as is also often the case in
Earth’s tropics.

These considerations suggest that perhaps the simplest climate model for Titan would be a
single-column model under the assumption of weak horizontal temperature gradients, and sub-
ject to specified variations in insolation and surface energy fluxes. This is essentially the model
explored by Williams et al. (2012), who recognized that the back-radiation of Titan’s atmosphere
to the surface is nearly independent of space and time. The disadvantage of this approach is that
horizontal energy transport is treated implicitly by keeping free atmospheric temperatures (above
the boundary layer) fixed in time. This is not a major concern in convecting regions of the Earth’s
tropical oceans, because the magnitudes of horizontally divergent heat fluxes are only a minor
contribution to the surface radiative imbalance. However, as shown from the model diagnostics
in Section 4.1 (see also Mitchell 2012), it is the horizontal fluxes of energy that are primarily re-
sponsible for driving Titan’s methane cycle by their effect on the local radiative energy balance of
the surface. We suggest a worthwhile endeavor would be to develop an intermediate-complexity
climate model involving many atmospheric columns coupled (perhaps diagnostically) through
horizontal fluxes of heat and moisture, as this may be necessary to more accurately capture the
dynamics of GCMs.

4.2.1. Poleward migration of methane. The absence of a global ocean on Titan is conspicuous
and in some ways unexpected, though it was recognized even before Cassini-Huygens (Muhleman
etal. 1990). That the atmosphere appears to be a much larger reservoir of methane than the surface
(Lorenz et al. 2008) is also curious. But given these two observations, the occurrence of surface
liquids at the poles seems to be a natural consequence of the climate system. Titan’s atmospheric
circulation acts to redistribute methane, drying the low latitudes and delivering moisture to the
poles; this behavior is captured in models both with and without an infinite supply of surface
methane (Rannou et al. 2006, Mitchell 2008, Schneider et al. 2012, Lora et al. 2015). As discussed
in Section 4.1 and shown in Figure 1, the annual-mean insolation peaks at the equator and
diminishes toward the poles. Surface energy fluxes scale with insolation, and with sufficient surface
methane, these are dominated by evaporation (Mitchell 2012, Schneider et al. 2012, Lora et al.
2015). As a result, the potential evaporative loss of surface methane is strongly peaked at low
latitudes, and is minimum at the poles. Barring other effects, this polar cold trap causes methane
to be more easily retained on the high-latitude surface.

At the same time, seasonal variations cause the top-of-atmosphere insolation to be maximum
over the summer poles, such that the radiative imbalance is maximum there for a short time.
Though the surface radiative imbalance is not directly proportional to that at the top of the
atmosphere (Loraetal. 2011, 2015), it nevertheless exerts a destabilizing influence in the boundary
layer at high latitudes during summertime, producing precipitating convection that outpaces any
loss due to evaporation (Schneider et al. 2012, Lora et al. 2015). Thus, Titan’s polar regions
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Titan’s tropospheric energetics and precipitation in the wetlands simulation using the Titan Atmospheric Model. (#) Zonal- and
vertical-mean moist static energy (MSE) in the lowest ~2 km of the model (color scale) and precipitation (black, | mm day~; dark gray,
0.2 mm day~!; white, 0.01 mm day™!). (b) Zonal- and vertical-mean MSE between 600 and 1,000 mbar (on the same color scale as panel
4). (¢) Zonal-mean change in MSE between northern autumnal equinox and northern vernal equinox. (¢) As in panel ¢ for the latent
energy, Lg.

receive ample methane rain, which is then relatively stable on the surface, while surface liquids at
low latitudes readily evaporate.

4.2.2 Moist static energy and polar deep convection. In Earth’s tropics, local maxima in near-
surface-level MSE represent a good proxy for where precipitation is likely to occur, and it has
been suggested the same may be true for Titan’s methane precipitation (Schneider et al. 2012).
Figure 7a shows the zonal-mean vertical-mean MSE in the lowest ~2 km during one year of
the TAM wetlands simulation, along with model precipitation. The summer poles clearly receive
the most intense precipitation; however, the low-level MSE is at a local minimum when this
precipitation begins. This is also true of polar precipitation in TAM simulations with liquids at all
latitudes. The local minimum in MSE is due to the attenuation of shortwave radiation as it passes
through a slant path of Titan’s atmosphere (Lora et al. 2011). If Titan’s climate is all tropics, why
then does the maximum MSE argument potentially fail for predicting precipitation?

The answer to this riddle is thatan implicit assumption of the maximum MSE argument, namely
that the mid-tropospheric value of MSE is nearly constant in space and time, may be violated on
Titan. If this assumption held, as it does in Earth’s tropics, then deep convection would be favored
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in regions with the highest surface-level MSE because those regions would be the least stable (or
most unstable) to moist convection. In Figure 7b, the mid-tropospheric MSE is not constant,
but varies by several percent at mid- and high latitudes. (Less obvious is that the variation is in
quadrature with the insolation, which reflects the long radiative response and overturn times in
Titan’s mid-troposphere; see Section 3.1.) The winter hemisphere experiences a marked decrease
in mid-tropospheric MSE, as shown by the difference in zonal-mean MSE between northern
autumnal equinox and northern vernal equinox in Figure 7¢. The change in winter-polar, mid-
tropospheric MSE is almost entirely due to drying of the mid-levels as shown in Figure 7d by
the difference in the latent energy, L¢, for the same times. Notice also that the summer pole
experiences a moistening in this season, and this is due to the deep, precipitating convection
occurring there. The seasonal cycle of polar precipitation can be summarized as a sequence of
(@) wintertime, mid-level tropospheric drying from dry, descending air in the Hadley circulation
(and possible condensation during polar night), followed by (b)) warming and moistening of low-
level air as the spring pole becomes illuminated and (c) moistening of the mid-level troposphere
by deep convection over the summer pole.

For a more direct comparison of the low-level MSE between TAM wetlands and the model of
Schneider et al. (2012), Figure 8 shows the results of a TAM wetlands simulation in which only
the liquid-vapor phase transition is considered for methane saturation, keeping all other aspects
of the model the same. Figure 8c,d shows that the seasonal change in tropospheric energy in
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Same as in Figure 7 for a Titan Atmospheric Model wetlands simulation with methane saturation calculated over liquid only.
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this simulation occurs at somewhat lower altitudes than in Figure 7. With this parameterization,
convective heating is communicated through a shallower layer in less intense and isolated events, so
that the circulation is shallower and the outflow from deep, polar convection occurs at a lower level
(higher pressure). Figure 84 also shows that precipitation is weaker and more evenly distributed in
season between the seasonally migrating convergence zone and the polar convection. This pattern
of precipitation is more consistent with previous model predictions (Mitchell et al. 2006), but not as
well matched with the observed clouds (Figure 4). It is also now the case that the seasonal pattern
of low-level MSE in Figure 84 has a maximum at the summer poles, as in previous modeling
studies (Schneider et al. 2012), although it is not obvious how this comes about. So it seems that
the influence of parameterization of methane saturation is an important factor in controlling the
intensity and distribution of precipitation, and also the distribution of the low-level atmospheric
MSE. But more must be done to understand the exact mechanism(s) responsible for these effects.

4.3. How Titan’s Equatorial Region Maintains Low Specific Humidity

It is straightforward to understand how Titan’s equatorial region can maintain low relative
humidity: The equator is warmer than the poles, surface liquids are present only in the latter
region, and so transport of saturated air toward the equator would result in low relative humidity
(Griffith et al. 2014). However, recent measurements of the methane concentration—i.e., the
specific humidity—suggest that there is actually less methane vapor at low latitudes than at high
latitudes (Adamkovics et al. 2016). This invalidates the hypothesis that Titan’s low latitudes are
humidified by saturated polar air. As in the observations, the TAM wetlands simulation shows
the (low-level) methane concentration increases toward the poles (Figure 9). Even accounting
for the seasonal cycle in polar temperatures, there is not an obvious way that a saturated air mass
originating at the poles could reduce its absolute methane concentration. Instead, we propose the
low-latitude, low-level methane concentration is set by the saturated conditions at the top of the
dry boundary layer. Titan’s equatorial mid-troposphere was observed by Huygens to be saturated
from the top of the dry boundary layer to the tropopause (Niemann et al. 2005, Tokano et al.
2006). We suggest the mid-tropospheric specific humidity is kept near saturation by the mid-level
outflow from summer polar storms, as Figure 7¢ seems to indicate. Collectively, these outflows
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Figure 9

Lowest-model-layer specific humidity for a year of the wetlands Titan Atmospheric Model simulation. A
large, equatorial storm at time ~0.7 (also evident in Figure 7z) transiently humidifies the low latitudes.
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represent the upper-level, cross-equatorial branch of Titan’s solsticial Hadley circulation. This
mid-tropospheric, saturated air mass has a similar effect on warmer regions as having a colder,
surface reservoir of evaporating liquids; air parcels that descend from the saturated region com-
press adiabatically and warm, and thereby conserve their methane specific humidity. In this way,
surface-level relative humidity in Titan’s low latitudes may be a proxy for the depth of the dry
boundary layer.

Cloud-resolving model simulations demonstrate the crucial role played by low-level humidity
in generating deep, precipitating convection (Barth & Ratkin 2007, 2010). Large, equatorial storms
have been observed (Schaller etal. 2009, Turtle et al. 2011b), but it remains an open question how
they are triggered. Some possibilities are (#) the humidification by virga from upper levels (Griffith
et al. 2009), (b) horizontal convergence of vapor transport by the large-scale circulation (Mitchell
etal. 2011), and (¢) localized surface sources of methane. These processes could, in principle, be
tested by our TAM wetlands simulation, because a large equatorial storm is produced at time ~0.7
in the year, presented in Figure 74. But we leave this as an open question.

5. THE ROLES OF WAVES AND EDDIES

We have already discussed an important aspect of Titan’s general circulation, the Hadley circu-
lation. A Hadley cell is axisymmetric, and to this point we have ignored the influence of non-
axisymmetric motions of the atmosphere. This was certainly a good place to start, given that
Titan’s general circulation is likely to be dominated by a Hadley circulation. But the presence of
superrotation in Titan’s stratosphere is a smoking gun for the importance of nonaxisymmetric
disturbances, which we refer to as waves and eddies.

To achieve and sustain superrotation, where the angular momentum of the atmosphere exceeds
that of the solid body at the equator, angular momentum must be transported upgradient in the
atmosphere. This can be accomplished by nonaxisymmetric waves (Gierasch 1975, Rossow &
Williams 1979) that generally originate in regions of barotropic or mixed barotropic-baroclinic
instability (Mitchell & Vallis 2010). Such waves have been studied in the stratospheres of three-
dimensional Titan GCMs (Hourdin et al. 1995, Newman et al. 2011), as well as parameterized in
axisymmetric circulation models to capture some of their mixing effects on momentum and tracers
(i.e., Luz et al. 2003). A more detailed overview of that work, for which the reader is referred to
Miiller-Wodarg et al. (2014) and references therein, is outside the scope of this review.

Eddies and momentum transport in Titan’s troposphere have received considerably less at-
tention than in the stratosphere, presumably because of a lack of observations. Recent analysis of
three-dimensional simulations using the Institut Pierre Simon Laplace Titan GCM showed sus-
tained poleward transport of angular momentum by eddies in the lower troposphere (Lebonnois
et al. 2012). It was suggested that these eddies are baroclinic based on the dynamical regime of
the flow in that part of the atmosphere, although the condition for baroclinic instability was not
demonstrated. Similarly, the influence of wave activity on the methane cycle has only recently been
investigated, though its impacts are likely significant. We now turn our focus to the little-studied
role of waves and eddies in Titan’s troposphere.

5.1. Eddy Influence on the Methane Cycle

In Titan’s all-tropics climate, we might expect equatorially trapped wave modes (Matsuno 1966)
to play a role in organizing convection, as they do in Earth’s tropics (Wheeler & Kiladis 1999).
Observations of these modes are difficult, because clouds are relatively infrequent in Titan’
low latitudes. Three large equatorial storms have been observed, the first from ground-based
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observations (Schaller et al. 2009). A significant cloud was first observed at southern low latitudes,
which then propagated eastward and southward, finally triggering a large cloud outburst near the
south pole. The mode was interpreted as a meridionally propagating Rossby wave excited by con-
vection (Schaller et al. 2009). A second set of very large storms with equatorial components was
observed by ISS in 2010 (Turtle etal. 2011a), and one caused changes in surface albedo interpreted
as wetting by precipitation (Turtle et al. 2011b). Analysis with a Titan GCM at the concurrent
season showed that the morphologies of these latter two storms represent the leading two modes
of variability in the model simulations, and the modes correspond to an equatorial Kelvin wave and
a mixed mode involving high-latitude Rossby waves interacting with an equatorial mode (Mitchell
et al. 2011). These analyses further support the notion that tropical atmospheric dynamics play
an important role in Titan’s climate and weather.

Though, as discussed above and described by several modeling studies (Rannou et al. 2006;
Mitchell 2008; Schneider et al. 2012; Lora et al. 2014, 2015), the separation of climates between
Titan’s low and high latitudes, and the associated preponderance of surface liquids at the latter,
neatly arises as a result of the mean circulation and its transport of energy, the same is not true
of the significant asymmetry between the observed liquid reservoirs of the north and south poles.
This asymmetry is suggested to be a consequence of variations in Saturn’s orbit that lead to Titan’s
equivalent of Milankovitch cycles (Aharonson et al. 2009). Three-dimensional GCMs have shown
that surface methane does preferentially build up in the north in the current epoch (Schneider
etal. 2012, Lora et al. 2014), and simulations including orbital parameter variations over the past
42,000 years have further shown that the hemisphere to which methane migrates varies with the
north-south contrast in summer insolation, oscillating between north and south (Lora etal. 2014).

Hemispheric, annual-mean asymmetries of both evaporation (Aharonson et al. 2009) and pre-
cipitation (Schneider et al. 2012) have been proposed as the process responsible for generating the
asymmetry of total liquids, but given Titan’s finite methane reservoir, both also imply an asymmet-
ric transport of methane between hemispheres by the atmosphere. That previous axisymmetric
models studying the distribution of liquids (i.e., Mitchell 2008) did not find an obvious asymmetry
is a telltale implication of three-dimensional eddies in this transport, which such models cannot
resolve. Recently, analysis of moisture transport by different components of the (present-day)
methane cycle in the TAM wetlands simulations revealed that a significant equatorward moisture
flux of methane in the atmosphere, with little seasonal variation, is produced by transient, nonax-
isymmetric eddies at mid- to high latitudes, whereas the mean meridional circulation is responsible
for highly seasonal high-latitude poleward transport and cross-equatorial low latitude transport of
methane (Lora & Mitchell 2015). In the annual mean, the combination of these components pro-
duces the total moisture flux shown in Figure 5, where the net northward transport equatorward
of ~70°S in the southern hemisphere is not mirrored in the north. The eddy transport, which
feeds methane from the polar regions into the cross-equatorial Hadley circulation, is stronger over
southern high latitudes, producing this asymmetric net transport. In the simulations, the south-
ern polar surface reservoir experienced a net loss of methane, whereas the north gained methane,
demonstrating that the nonlinear eddy response to solar heating mediates the methane asymmetry
and provides a mechanism for Titan’s climate system to respond to variations in orbital forcing.
The nature of the eddies responsible for this transport is described in more detail in the following
section.

5.2. Tropospheric Instabilities

Thus far we have considered the effect of waves and eddies on the climate and general circulation.
But from where do the eddies and waves draw their energy? Many three-dimensional Titan GCMs
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(Hourdin et al. 1995, Mitchell et al. 2011, Lebonnois et al. 2012, Lora & Mitchell 2015) that see
nonaxisymmetric activity, including the TAM wetlands simulation we employ here, use entirely
axisymmetric boundary conditions and forcing, and therefore any nonaxisymmetric disturbances
arise spontaneously from instabilities. One possibility is convective instability, which we discussed
previously in Section 4.2.2 as playing an important role in Titan’s summer polar precipitation.
Another possibility is barotropic instability, which is thought to play a primary role in maintaining
Titan’s superrotating stratosphere, as discussed above. Here we focus our attention on the lower
atmosphere at high latitudes, below 600 mbar and poleward of 45° latitude, where winds peak at
~5 ms~! to give a global-scale Rossby number of ~0.1, such that our notions of fluid instabilities
in the quasi-geostrophic system should apply (Vallis 2006). A necessary condition for barotropic
instability is that the gradient of the potential vorticity reverse from one latitude to another
(the so-called Rayleigh-Kuo criterion; Vallis 2006). In Figure 104, the gradient of the potential
vorticity (PV) for the primitive equations from 600 mbar to the surface in the TAM simulation just
after northern vernal equinox shows such a reversal at the southern high latitudes, and this may
indicate a role for barotropic instability in Titan’s tropospheric dynamics. However, the process
of cyclogenesis, by which Earth’s mid-latitude storms produce frontal lifting (weather), requires
baroclinic instability. A necessary condition for baroclinic instability is the presence of a PV
gradient reversal from one level to another, i.e., in the vertical direction (Vallis 2006). Typically,
the PV gradient reversal occurs at low levels in a region of concentrated surface temperature
gradients. Figure 105 shows the PV gradient from 1,200 mbar to the surface (roughly the depth
of the dry boundary layer) in the summer hemisphere just after northern vernal equinox. There is
evidence of a PV gradient reversal in the vertical from ~60°S to the pole, indicating that baroclinic
instability may be present here at this season.

Inspection of the nonaxisymmetric component of the specific humidity and winds at these lati-
tudes in Figure 114 indicates the presence of a zonal-wavenumber-1 disturbance with a westward
tilt in the vertical, a hallmark of baroclinic storms. The disturbance is quite shallow, however, and
only extends through the dry boundary layer. This can be understood by the following argument
based on the influence of the static stability: Cyclogenesis preferentially occurs at the deformation
radius, Lp = NH/f, with Brunt-Viisili frequency N, scale height H, and Coriolis parameter f
(see Table 3). In Earth’s mid-latitudes, Lp ~ 1,000 km. However, if we were to estimate Lp for
characteristic values of Titan’s high-latitude troposphere, we would find Lp > 4, i.e., larger than
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Titan itself. If we instead assume cyclogenesis occurs at the largest horizontal scales, L ~ «, then
we conclude the modes will also have to be quite shallow, confined to the lowest ~5 km of the
troposphere. We can then estimate the time it takes for this mode to grow by the Eady timescale,
Traty = a/U ~ 106 s, for a mode with horizontal scale # = 2,575 km and imbedded in a shear
zone with zonal-mean zonal wind at H of magnitude U ~ 3 m/s. Apparently, baroclinic modes
would have sufficient time to significantly grow in amplitude in a single Titan day. Figure 115
shows that the disturbance also has a northwest-southeast tilt in the horizontal, with some evi-
dence of frontal development (convergent winds between warm and cold air masses). These are all
characteristic of baroclinic storms. Thus, we conclude that, like in Earth’s mid-latitudes, Titan’s
mid- and high-latitude weather systems may be the result of baroclinic instability.

6. SUMMARY AND QUESTIONS

Titan’s tropospheric circulation at summer solstice is dominated by a deep and relatively sluggish
Hadley circulation extending from the summer to the winter pole, while more intense but shal-
lower circulations are split into multiple cells in the dry boundary layer below ~1,000 hPa. The
deep circulation exports relatively warm, moistened air from the summer polar surface into the
southern high- and low-latitude upper troposphere. This has two main effects on the low latitudes:
(@) Because the latitudinal temperature gradient is weak, the middle troposphere essentially fills
with saturated air, as observed; and () the low latitudes are maintained in a relatively statically
stable state, consistent with low cloud heights there. In the winter hemisphere, the descending

Table 3 Radius of deformation on Earth and Titan

Parameter Earth Titan
Brunt-Viisili frequency, N (s™1) 1072 5% 107
Scale height, H (km) 7 20

Coriolis parameter, f (s71) 10-% 10-°
Deformation radius, Lp (km) 700 104
Confinement height, H (km) NA 5
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branch imports dry air into the mid-troposphere over the winter pole, while the downwelling
air that is cooled radiatively reduces the stability over the winter polar atmosphere. This primes
the pump for the winter polar region to produce deep convection in the spring and summer
when evaporation from surface reservoirs triggers deep convection. These processes then reverse

direction during the next solstice, as described in Section 4.2.2.

SUMMARY POINTS

1.

Titan’s climate is all tropics except for weak baroclinic storms at the high-latitude bound-
ary between dry and wet zones.

. Methane is cold trapped at the poles. A hemisphere-switching asymmetry in surface liq-

uids results from Milankovitch cycles, but only does so with the aid of three-dimensional

eddies.

. Energy transport by Titan’s global overturning circulation, evident from measurements

of the outgoing longwave radiation, produces local radiative imbalances that drive an
active weather cycle, despite relatively weak radiative forcing from the Sun. Surface
evaporative energy fluxes are at least ten times larger than estimates based on one-
dimensional, radiative-convective models.

. Titan’s middle troposphere, saturated by outflow from deep polar storms, supplies the

low-latitude boundary layer with low methane concentration.

. A troposphere-filling overturning circulation switches direction with seasons, transports

dry air downward over the winter pole, and reduces the atmospheric stability. This
primes the winter pole for spring and summer convection when sunlight returns to the

high-latitude lakes.

FUTURE ISSUES

Titan climate models have proven successful at reproducing many of the phenomena dis-

cussed in Section 2, and analysis of the model simulations have given us deeper insight into

the workings of Titan’s climate. The most interesting and opportune areas of research,

however, are where expectations from theory and models fail to account for some phe-

nomenon. Many such research areas remain to be explored, and we offer a few examples
here.

1.

How does Titan’s global topography interact with its weather and climate?

2. What s the trigger for large equatorial storms?
3.
4

Where is all the ethane, and how does it affect the methane cycle?

. How wet is the surface? How does a subsurface alkanofer interact with Titan’s methane

cycle?

. How should turbulent surface energy fluxes be parameterized in statically stable condi-

tions over the lakes?

. How important are the phase and composition of cloud particles to deep convection and

the overall circulation?
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